J. Physiol. 256 (Heart Circ. Physiol. 25): H417-H421, 1989.-We compared reflex chronotropic responses to intravenously infused drugs in three groups of age-matched normotensive female rats, namely, Sprague-Dawley, lean Zucker, and obese Zucker. Initial mean pressures did not differ between rat groups, but heart rates tended to be lower in obese Zucker rats. Baroreflex impairment was already evident, because heart rate responses to infused phenylephrine (reflex bradycardia) or sodium nitroprusside (reflex tachycardia) were consistently weaker in obese Zucker than in other rats. Regardless of rat grouping, subsequent cholinergic blockade with atropine elevated, whereas ,8-adrenergic blockade with propranolol lowered, basal heart rates without affecting mean pressure. Reflex heart rate responses were all appreciably reduced after either type of autonomic blockade, and although the extent of inhibition varied between rat groups, the residual heart rate responses remaining after blockade were nonetheless always smaller in obese than in lean rats. This difference suggests that efferent sympathetic and parasympathetic mechanisms normally responsible for mediating heart rate reflexes were unevenly blunted in obese Zucker rats.
,&adrenergic blockade; blood pressure; cholinergic blockade; heart rate BASED ON SUGGESTIVE evidence that correlates body weight directly with blood pressure (8), obese people are usually considered more prone than others to develop hypertension (5). How obesity would elevate blood pressure is still mostly hypothetical (7). Precise information about underlying mechanisms cannot be acquired easily from clinical studies on obese people, whereas experimental studies on obese animals have often ignored cardiovascular problems.
Genetically obese Zucker rats (Z), although often studied as experimental models for obesity, are seldom examined for cardiovascular defects, and whether they really predispose to develop hypertension with age is still uncertain. An earlier paper describing hereditary obesity and hyperlipemia in Zucker rats (20) mentioned hypertension as a probable complication, although blood pressure was never measured. More recently, Kasiske et al. (12) found tail-cuff systolic pressures elevated in obese Zucker rats of different ages, but relationships between blood pressure and age were not examined. Conflicting results still prevailed even at the 1986 FASEB Meetings where one group reported that obese Zucker rats were hypertensive (1)) whereas another found almost identical blood pressures in both lean or obese rats (13).
Our studies aimed to assess the level of baroreflex sensitivity in obese Zucker rats by comparing their reflex heart rate responses (elicited by elevating blood pressure with phenylephrine or lowering it with sodium nitroprusside) with those from Sprague-Dawley and lean Zucker rats. Anesthetic depression was avoided by recording all baroreflex tests in awake rats with chronically implanted indwelling vascular catheters. Underlying autonomic mechanisms were quantified by repeating baroreflex tests in the same rats after using cholinergic and/ or P-adrenergic antagonists to block efferent parasympathetic and sympathetic pathways.
METHODS
Three strains of age-matched female rats were studied: Sprague-Dawley rats from SASCO (Omaha, NE) and lean and obese Zucker rats from Vassar College (Poughkeepsie, NY). All rats were 3 mo old and transiently anesthetized with ketamine-acepromazine for implantation of indwelling vascular cannulas. After allowing 1 wk for postoperative recovery, heart rate changes were recorded as blood pressure was altered by infusing phenylephrine or sodium nitroprusside intravenously while the rats were awake. Drug infusions were repeated five times, before and after pretreatment with different antagonists, on postoperative days 7 and 8. On both days, baroreflex tests were done initially without any antagonist pretreatment and then repeated after inducing cholinergic or P-adrenergic blockade. On day 8, a third test was done after combined cholinergic and @-adrenergic blockade. Data were compiled from 25 rats: 8 SpragueDawley (230-260 g), 8 lean Zucker (200-250 g), and 9 obese Zucker (360-470 g).
Surgical preparation for baroreflex recording. Each rat was injected intraperitoneally first with atropine sulfate (40 pg) to reduce bronchial secretions and then with a mixture containing ketamine (10 mg/lOO g as a dissociative anesthetic) and acepromazine (0.1 mg/lOO g as a supplementary tranquilizer). Indwelling catheters were inserted separately into the right femoral artery for recording blood pressure and into the ipsilateral vein for administering drugs. Catheters consisted of two pieces of polyethylene tubing: a 2-to 4-cm length of PE-10 threaded and heat fused into a 13-to 18-cm length of PE-50 tubing. Total dead-space volume was -0.05-0.1 ml. The end with PE-10 tubing was inserted directly into the vessel that was being cannulated, whereas the larger bore PE-50 tubing was passed subcutaneously to emerge at the nape. To keep catheters open, they were flushed and filled with heparinized (30 U/ml) saline immediately after surgical implantation and on the third and fifth postoperative days. Penicillin (Longicil Fortified containing 30,000 U each of penicillin G benzathine and penicillin G procaine in aqueous suspension) was routinely injected intramuscularly to prevent infection. After surgery and between recording sessions, rats were caged individually in an air-conditioned room with unrestricted access to food (Rodent Laboratory Chow, Ralston Purina, St. Louis, MO) and water.
Recording reflex chronotropic responses to intravenously infused drugs in awake rats. One week after surgical cannulation, each awake rat was kept in its own cage (open-topped plastic), while pulsatile pressure was recorded by connecting the femoral arterial catheter through PE-50 polyethylene tubing to a small-volume displacement pressure transducer (Statham P23 Gb) placed on the same level as the rat. Heart rate was monitored simultaneously by triggering a biotachometer with the phasic pressure signal from the transducer.
The venous catheter was connected to a syringe pump for drug infusions. After setting up the equipment, 45-60 min were allowed to lapse without further manipulation so that the rat could become accustomed to the recording environment.
Arterial pressures and heart rates were then recorded continuously during slow intravenous infusions, first of phenylephrine and then of sodium nitroprusside as described previously (15, 16). Doses (ng salt. loo g body wt-' .min-l) ranging from 750 to 1,500 for Lphenylephrine hydrochloride and 550 to 1,110 for sodium nitroprusside were infused at a rate of 20.8 pl/min for 60 s using a syringe pump (Harvard Apparatus, South Natick, MA). Phenylephrine was diluted with isotonic saline while sodium nitroprusside was prepared in 5% dextrose to retard spontaneous decay.
All infusions were regulated to alter arterial pressure progressively by 30-40 mmHg within 1 min. For each infusion, mean pressure was calculated using values obtained from the phasic pressure tracing for systolic and diastolic pressure. Heart rates were then determined with each 5-mmHg change in mean pressure produced by either drug up to a maximum of 30 mmHg. Six points for heart rate corresponding with mean pressure changes of 5, 10, 15, 20, 25, and 30 mmHg, respectively, were thereby compiled for each infusion.
Baroreflex responses to drug-induced changes in arterial pressure were recorded five times on two successive days. On the seventh day after cannulation, a control recording before treatment with any antagonist drugs was taken first and then followed by a similar recording 15 min after either cholinergic blockade with atropine sulfate or P-adrenergic blockade with propranolol hydrochloride (doses of 0.1 mg/lOO g iv used for both drugs). On the eighth day, baroreflex responses were recorded three more times: 1) an initial test before antagonist pretreatment,
2) a second test 15 min after blockade with either atropine or propranolol (using the antagonist that had not been tested the previous day); and 3) a third test 15 min after combined blockade induced by added injection of the second antagonist.
Data analysis and statistics. Data were expressed as means t SE. Baroreflex responses produced in the three rat groups during infusions of phenylephrine or sodium nitroprusside were analyzed by comparing heart rate changes occurring stepwise with every 5-mmHg change in mean arterial pressure. Four types of statistical analyses (3, 6) used were the following: 1) an unpaired t test to compare base lines in mean pressure and heart rate for the three rat groups; 2) a paired t test to compare base lines within the same rat group before and after antagonist drug treatment; 3) a repeated measures analysis of variance test to compare reflex heart rate changes; and 4) covariance analysis to compare reflex heart rate changes after autonomic blockade. Reductions in reflex responsiveness produced by atropine or propranolol were assessed by taking data obtained after blockade as dependent variables with data recorded from the same rats before blockade as the covariate (6). Whenever F ratios were significant at 5% or less, Newman-Keuls multiple range test (3) was applied to determine the significance of differences between rat groups. Statistical tests (except covariance analysis) were done on an IBM-XT computer with the Number Cruncher Statistical System (11) .
RESULTS
Stability of reflex responsiveness in awake rats. In all awake rats, intravenous infusions of phenylephrine elevated arterial pressure and reflexly slowed heart rate ( Fig. IA ) , whereas similar infusions of sodium nitroprusside had opposite effects of lowering arterial pressure and reflexly accelerating heart rate ( Fig. lB) .'Within the tested dose range, magnitude of reflex changes in heart rate was usually proportional to that of the corresponding change in blood pressure (i.e., reflex tachycardia produced by phenylephrine, or reflex bradycardia produced by sodium nitroprusside, became more marked as the corresponding blood pressure elevation or fall intensified).
Regardless of whether blood pressure was elevated or lowered, chronotropic responses during initial tests done on days 7 and 8 after cannulation were essentially iden- Table 1 ). The absence of significant differences between days indicates that antagonism induced on day 7 had dissipated sufficiently after 24 h to allow repeated testing of other antagonists on day 6. Results obtained on both days were then pooled (Table 2) to represent overall reflex responsiveness before antagonist drug treatment.
Magnitude either of reflex bradycardia produced during phenylephrine infusion (Table 2 , top) or of reflex tachycardia elicited during infusion of sodium nitroprusside (Table 2 , bottom), was significantly smaller in obese Zucker than in Sprague-Dawley or lean Zucker rats. These results indicate that reflex sensitivity, whether manifested as bradycardia or tachycardia, was markedly attenuated in obese Zucker rats.
Because heart rate reflexes normally depend on efferent parasympathetic and sympathetic pathways, it was considered possible that reduced baroreflex sensitivity in obese Zucker rats reflects an autonomic imbalance. This possibility was tested by recording reflex responses in the same rats after appropriate pharmacological blockade: cholinergic blockade with atropine to reveal sympathetic mechanisms, or ,&adrenergic blockade with propranolol to reveal parasympathetic mechanisms.
Selective autonomic blockade altered basal heart rate but not blood pressure. Base lines for mean pressure were unaffected by drug-induced autonomic blockade, whereas those for heart rate were elevated after cholinergic blockade with atropine and lowered after P-adrenergic blockade with propranolol (Table 3) . Although average heart rates were initially lower in obese Zucker than in other rats (Table 3) , none of the group differences after blockade with either atropine or propranolol were significant.
Reduced baroreflex sensitivity after cholinergic blockade. Reflex heart rate responses, whether consisting of bradycardia or tachycardia, were qualitatively unaltered after cholinergic blockade with atropine (Table 4 ), but their magnitude was reduced. Chronotropic responses after blockade (Table 4) were consistently smaller than those recorded from the same rats previously (Table 2 ), yet still remained weaker in obese Zucker than in other rats. To facilitate comparison, responses after atropine pretreatment were expressed not only as absolute changes in beats per minute but also as means adjusted by covariant analysis (because of altered base lines for heart rate) using values recorded before blockade as covariates. Adjusted means for obese Zucker rats were almost always smaller than those for lean Zucker controls, with group differences for pressure changes produced by either phenylephrine or sodium nitroprusside of 220 mmHg being statistically significant (Table 4) . This difference suggests that baroreflex sympathetic mediation remaining after cholinergic blockade was not as pronounced in obese as in lean Zucker rats.
Reduced baroreflex sensitivity after P-adrenergic blockade. Baroreflexes were also inhibited after ,&adrenergic blockade with propranolol:
all chronotropic reflex responses, although qualitatively unaltered, were quantitatively reduced. Most reflex responses elicited after blockade (Table 5) were smaller than those recorded previously in the same rats (Table 2) . Means adjusted through covariance analysis indicated that inhibition in obese Zucker rats was not as pronounced as that in the others. For pressure increments of ~15 mmHg during phenylephrine infusion, adjusted means for both Sprague-Dawley and obese Zucker rats were smaller than those for lean Zucker rats. But for pressure decrements of ~15 mmHg during sodium nitroprusside infusion, adjusted means for obese Zucker rats were significantly smaller than those for the other two rat groups. These results indicate that parasympathetic mediation remaining after @-adrenergic blockade was consistently weaker in obese Zucker than in lean Zucker rats. When compared with Sprague-Dawley rats, however, the remaining parasympathetic mediation in obese Zucker rats was weaker only for reflex tachycardia but not for reflex bradycardia.
Abolition of reflex heart rate responses after combined blockade. After pretreatment with both atropine and propranolol, blood pressure still rose or fell as phenylephrine or sodium nitroprusside were infused, but reflex heart rate changes no longer occurred.
DISCUSSION
Our results show that, although 3mo-old female Zucker rats are still normotensive (Table 3) , their baroreflexes are already impaired. Thus reflex heart rate responses, elicited when blood pressure was altered by infusing phenylephrine or sodium nitroprusside intravenously, were weaker in obese than in lean Zucker rats (Tables 1 and 2 ). This impairment was not unique only for the Zucker strain, because it was demonstrable even when obese rats were compared with age-matched controls from another (Sprague-Dawley) strain. But whether baroreflex impairment was secondary to a genetic abnormality linked with obesity, or to obesity itself, is unknown.
Why chronotropic baroreflex sensitivity was reduced further after cholinergic (Table 4) or ,&adrenergic (Table  5 ) blockade remains conjectural. Abolition by combined blockade with atropine and propranolol indicates that all heart rate responses were elicited reflexly through efferent parasympathetic and sympathetic pathways (4). Hence, blocking parasympathetic pathways with atropine would leave only sympathetic activity to increase during reflex tachycardia and decrease during reflex bradycardia. Conversely, after P-adrenergic blockade with propranolol, leftover vagal or parasympathetic activity would increase during reflex bradycardia and decrease during reflex tachycardia. If so, residual sympathetic activity can be estimated from reflex responsiveness remaining after atropine blockade, and residual parasympathetic activity can likewise be deduced after propranolol blockade. According to this logic, sympathetic activity during reflex tachycardia and bradycardia must be weaker in obese Zucker rats, since both responses, after atropine, were smaller than those in lean Zucker rats (Table 4) . By the same token, parasympathetic activity during reflex tachycardia (due to parasympathetic or vagal withdrawal) must also be weaker in obese Zucker rats, because after propranolol, they had less reflex tachycardia and bradycardia than lean Zucker rats (Table 5) . Because inhibition after ,&adrenergic blockade occurred sooner (i.e., at a pressure change of 15 mmHg, see Table 5 ) than that after cholinergic blockade (i.e., at a pressure change of 25 mmHg, see Table 4 ), parasympathetic dysfunction may be more pronounced. Perhaps these findings as a whole mean that an autonomic imbalance, caused primarily by defective parasympathetic mechanisms, results in sympathetic predominance in obese Zucker rats.
Baroreflex impairment in obese Zucker rats may reflect a sluggishness either of baroreflex components or of the heart itself. However, the differences between obese Zucker and other rats were significant only for pressure changes exceeding 15 mmHg, even after the heart had been deprived of autonomic regulation by cholinergic (Table 4) or ,&adrenergic (Table 5) blockade. Because this implies that the heart in obese Zucker rats by 10.220.33.6 on May 7, 2017 http://ajpheart.physiology.org/ Downloaded from H421 was still capable of responding normally to pressures below 15 mmHg, the reduced responsiveness to higher pressures seems more likely to be due to baroreflex saturation rather than cardiac sluggishness.
After the distinctive mutation of obese Zucker rats was first discovered (2l), many endocrine and metabolic abnormalities were described (14, (17) (18) (19) ) and yet their cardiovascular status still remains relatively unexplored. Blood pressure was often presumed to be high, although it was not actually measured until 1985 (12). By recording tail-cuff systolic pressure in male Zucker rats that were 12, 24, and 60 wk old, Kasiske et al. (12) found pressure elevations averaging 14, 11, and 25 mmHg, respectively, but with considerable overlaps between lean and obese rats. Although we did not study older rats, our results from 3-mo-old females differ from those they reported from age-matched males. We obtained almost identical mean femoral pressures of 92 t 2 in lean and 91 t 2 mmHg in obese rats (Table 3) , whereas obese rats had significantly higher (P < 0.05) tail-cuff systolic pressures of 140 t 10 compared with 126 t 12 for their lean controls. Direct comparisons may not, however, be feasible because of differences in rat sex and methods for blood pressure measurement. Methodological differences also preclude comparing the abstracts from the 1986 Federation Proceedings, since one was on mean femoral pressures from conscious Zucker rats of unspecified sex (l), and the other was on blood pressures obtained with an unspecified method in female Zucker rats trained (or untrained) for treadmill exercise (13). Consequently, the question of whether obese Zucker rats are hypertensive or not remains unresolved.
Whether baroreflex regulation of vascular resistance is also impaired in obese Zucker rats cannot be determined from our results. Baroreflex control of heart rate can be dissociated from baroreflex control of vascular resistance. Guo et al. (9) found baroreflex control of heart rate selectively impaired, whereas that of vascular resistance was preserved in normotensive as well as renal hypertensive (10) rabbits. If a similar situation prevails in obese Zucker rats, then their reflex vascular responses could still remain unaltered despite the impairment shown here.
In summary, we have shown that in normotensive 3-mo-old obese Zucker rats, baroreflex sensitivity is already attenuated. Reflex chronotropic responses were reduced further after cholinergic blockade with atropine or ,8-adrenergic blockade with propranolol, and since the residual heart rate responses remaining after blockade were consistently weaker in obese than in lean Zucker rats, it suggests that efferent sympathetic and parasympathetic mediation of heart rate reflexes has been unevenly blunted (with more parasympathetic than sympathetic dysfunction) in obese Zucker rats. 
